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ABSTRACT
We present results of a high-resolution zoom cosmological simulation of the evolution
of a low-mass galaxy with a maximum velocity of V ' 100 kms−1 at z ' 0, using the
initial conditions from the AGORA project (Kim et al. 2014). The final disc-dominated
galaxy is consistent with local disc scaling relations, such as the stellar-to-halo mass
relation and the baryonic Tully-Fisher. The galaxy evolves from a compact, dispersion-
dominated galaxy into a rotation-dominated but dynamically hot disc in about 0.5 Gyr
(from z = 1.4 to z = 1.2). The disc dynamically cools down for the following 7 Gyr, as
the gas velocity dispersion decreases over time, in agreement with observations. The
primary cause of this slow evolution of velocity dispersion in this low-mass galaxy
is stellar feedback. It is related to the decline in gas fraction, and to the associated
gravitational disk instability, as the disc slowly settles from a global Toomre Q > 1
turbulent disc to a marginally unstable disc (Q ' 1).
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1 INTRODUCTION
Any theory about the formation of galactic discs should
reproduce not only the final (z ' 0) global properties of
disc galaxies and the observed scaling relations (Verheijen
2001; Swaters et al. 2000; Salim et al. 2007; McGaugh 2005;
Courteau et al. 2007; Benson et al. 2007; Reyes et al. 2011;
Simons et al. 2015) but it should also explain the evolution
of the disc kinematics, from the formation of a rotationally
supported galaxy to its settling down as a dynamically cold
disc.
Current studies roughly agree in a basic picture of the
global kinematics of local (z ' 0) disc galaxies. A disc mor-
phology is usually correlated with gas kinematics dominated
by rotation. This rotation follows the Tully Fisher relation
between the rotational velocity (V) and the galaxy absolute
magnitude, stellar or baryonic mass (Tully & Fisher 1977;
McGaugh et al. 2000; Courteau et al. 2007, and references
therein). Therefore, the importance of disordered and/or
turbulent motions, measured by the gas velocity dispersion
(σ), is currently low in disc galaxies, so that the present day
ratio of velocities is low, σ/V = 0.1−0.15 (Leroy et al. 2009;
Epinat et al. 2010; Green et al. 2014). Todays disc galaxies
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are rotationally supported and dynamically cold. However,
was this also true in the past?
Works on the evolution of the Tully-Fisher relation at
high redshifts have shown an increase in the relative contri-
bution of disordered motions (Flores et al. 2006; Kassin et al.
2007; Vergani et al. 2012). Measurements of σ/V using differ-
ent techniques and tracers give much higher values at z > 0.
This means that rotationally dominated discs are dynami-
cally hotter at higher redshifts (Epinat et al. 2009; Kassin
et al. 2012; Tacconi et al. 2013; Wisnioski et al. 2015). This
leads to the concept of ’disc settling’ (Kassin et al. 2012).
In this scenario, discs cool down over time and settle in a
dynamically cold disc. However, there is little understand-
ing of this process of settling. It is not clear how fast is that
process and what are the main drivers in the evolution of
gas kinematics with time.
The trend of higher σ/V at higher redshifts continues
to z = 2− 3, such that the majority of the high-z rotating
galaxies are clumpy and dynamically hot discs (Genzel et al.
2006; Fo¨rster Schreiber et al. 2009; Gnerucci et al. 2011).
Slightly lower mass galaxies at these high redshifts are often
dispersion-dominated, where rotation is only a minor com-
ponent in the gas kinematics (Law et al. 2009). Are these
galaxies the progenitors of dynamically hot discs? In spite
of recent progress, there are many unknowns about the for-
mation of clumpy discs. One of the caveats is that current
c© 2016 The Authors
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complete samples of high-z galaxies only contain massive,
baryonic-dominated galaxies (M∗ ≥ 1010 M). These are not
the progenitors of normal, low-mass discs at z ' 0.
The formation and evolution of low-mass discs with a
final stellar mass of a few times 109 M and maximum rota-
tional velocities of ∼100 kms−1 remains poorly understood.
This mass (or velocity) scale is relevant because it marks
the transition below which supernovae feedback is most ef-
ficient in the regulation of star formation at galactic scales
(Dekel & Silk 1986). As feedback remains one of the most
poorly understood ingredients in galaxy formation models,
the evolution of disc kinematics at this mass scale can place
important constrains to current models of feedback. For ex-
ample, too strong feedback may yield ’puffy’ and more tur-
bulent discs than observed at a given redshifft (Stinson et al.
2006).
Current cosmological simulations of galaxy formation at
this mass scale, which corresponds to a halo mass of about
2×1011 M (Moster et al. 2013; Behroozi et al. 2013), have
successfully matched many observations of local, low-mass
disc galaxies (Brooks et al. 2011; Brook et al. 2012; Hopkins
et al. 2014; Christensen et al. 2014; Obreja et al. 2014; Chris-
tensen et al. 2016; Santos-Santos et al. 2016). However, most
of these previous works have not addressed the evolution of
the disc kinematics from high redshifts to now. Only Kassin
et al. (2014) discussed the evolution of ordered and disor-
dered motions using the simulations first shown in Brooks
et al. (2011). The simulated values follow a trend similar
to observations but their velocities are too high, because
their stellar masses are higher than in the observed sam-
ple. However, their σ/V ≤ 0.1 for cold gas at z ' 1 is too low
in disagreement with MUSE observations of galaxies with
a similar mass and redshift (Contini et al. 2016). There is
also little discussion about the role of the different physical
processes in the evolution of disc settling as well as in the
formation of discs.
In this paper, we study the formation of a low-mass
disc galaxy and the evolution of disc kinematics using a
cosmological zoom-in simulation. Section §2 provides de-
tails about the simulation. We first compare the properties
of the simulated galaxy at z ' 0 with other simulations of
similar mass and with observations of local galaxies (§3).
In section §4 we follow the transformation from a com-
pact, dispersion-dominated galaxy to a dynamically hot but
rotation-dominated disc. In section §5 we address the set-
tling of the galaxy into a dynamically cold disc by z ' 0.
Finally section §6 is devoted to the conclusions and discus-
sion.
2 THE SIMULATION
The initial conditions of this simulation corresponds to the
proof-of-concept test of the AGORA project (Kim et al.
2014). The zoom-in, N-body-only cosmological simulation
has a galactic halo of Mv = 1.7× 1011M at z = 0. 1 It has
a ”quiescent” assembly history, having its last significant
merger (1:5 mass ratio) at z ∼ 1.5. This is an ideal labo-
ratory to study the formation and settling of a galactic disc
1 Mv is defined as the mass enclosed in a sphere of mean density
contrast ∆(z) (Bryan & Norman 1998).
during the following ∼7 Gyr after the merger in a fully cos-
mological setup. The simulation has a minimum DM mass
of 3.5× 104 M, while the particles representing single stel-
lar populations that were formed in the simulation have a
minimum mass of 103 M. The maximum spatial resolution
is 163 comoving pc.
The N-body+Hydro simulation was performed with the
ART code (Kravtsov et al. 1997; Kravtsov 2003), which
accurately follows the evolution of a gravitating N-body
system and the Eulerian gas dynamics using an AMR ap-
proach. Beyond gravity and hydrodynamics, the code incor-
porates many of the physical processes relevant for galaxy
formation. These processes, representing subgrid physics, in-
clude gas cooling by atomic hydrogen and helium, metal
and molecular hydrogen cooling, photoionisation heating by
a constant cosmological UV background with partial self-
shielding, star formation and feedback, as described in Cev-
erino & Klypin (2009), Ceverino et al. (2010), and Ceverino
et al. (2014). Star formation is assumed to occur at densities
above a threshold of 1 cm−3 and at temperatures below 104
K. The code implements a stochastic star formation model
that yields the empirical Kennicutt-Schmidt law (Kennicutt
1998), as shown in Ceverino et al. (2014).
In addition to thermal-energy feedback, the simulation
uses radiative feedback. This model, called RadPre LS IR in
Ceverino et al. (2014), adds a non-thermal pressure, radia-
tion pressure, to the total gas pressure in regions where ion-
ising photons from massive stars are produced and trapped.
In short, the radiation pressure is proportional to the ion-
ising luminosity of a single star particle. This pressure is
added if the cell (and their closest neighbours) contains a
star particle younger than 5 Myr and whose column den-
sity exceeds 1021 cm−2. Photoionization and photoheating
are also included in these regions by using tabulated results
from CLOUDY (Ferland et al. 1998). Finally, the model
also includes a moderate trapping of infrared photons, only
if the gas density in the host cell exceeds a threshold of 300
cm−3.
This model differs from other recent implementations of
feedback. it goes beyond the thermal-only feedback (Stinson
et al. 2006, 2013; Keller et al. 2015; Schaye et al. 2015) and
it does not shutdown cooling in the star-forming regions. It
does not impose a wind solution (Vogelsberger et al. 2014),
so that outflows are generated in a self-consistent way (Cev-
erino et al. 2016). Our implementation is more similar to
the radiative feedback model in Agertz & Kravtsov (2015).
Within our model, both radiative and supernovae feedback
act in concert and they are equally important. The combina-
tion of early feedback from radiation and late feedback from
supernovae regulates star formation within galaxies (Cev-
erino et al. 2014).
3 COMPARISON WITH OTHER
SIMULATIONS AND OBSERVATIONS AT
Z=0
Before assessing the formation and settling of the galactic
disc in this simulation, we are going to compare the proper-
ties of the simulated galaxy at the last snapshot at a redshift
of z = 0.1 with available observations and other simulations
of disc-dominated galaxies with a similar halo mass.
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Figure 1. UBV stellar light (left) and gas (right) of the disc
galaxy at z = 0.1 in the face-on (top) and edge-on (bottom) views
(40x40 kpc), according to the direction of the angular momentum
of the cold (T < 104K) gas. The horizontal bar in the bottom-right
panel represents a length of 3 kpc.
The galaxy shows a disc morphology (Figure 1) both
in stellar light and gas. The disc extends to 10 kpc with a
total stellar mass of M∗ = 3.2× 109M. This is the regime
of low-mass late-type galaxies. The gas looks clumpy and
flocculent, similar to the HI distribution of galaxies with
similar mass (Kim et al. 1998). The star-forming regions
appear in the U-band and they coincide with large gas com-
plexes, mostly organised in a star-forming ring. The star-
formation-rate, S FR = 0.2M yr−1 is consistent with observa-
tions of star-forming galaxies with similar mass in the local
Universe (Salim et al. 2007; Avila-Reese et al. 2011).
The stellar-to-halo mass ratio, or galaxy efficiency, is
consistent with current abundance matching models (Moster
et al. 2013; Behroozi et al. 2013), within the typical uncer-
tainties (Figure 2). It is also consistent with the galaxy ef-
ficiency in the Illustris simulation (Vogelsberger et al. 2014)
and slightly higher than the median ratio in the Eagle sim-
ulation (Schaye et al. 2015), although within the scatter.
Other recent zoom simulations agree relatively well with our
results, despite the different codes and feedback models im-
plemented (Brook et al. 2012; Hopkins et al. 2014; Obreja
et al. 2014; Christensen et al. 2014, 2016; Santos-Santos et al.
2016). Older simulations, like Brooks et al. (2011), show
a greater discrepancy, with a stellar-to-halo mass ratio 10
times higher than our study.
The simulation at z=0.1 also agrees remarkably well
with the baryonic Tully-Fisher relation (McGaugh 2005)
(Figure 3). The flat rotation velocity is estimated as the ro-
tational velocity of the cold gas (T < 104K) at 2.2 disc scale-
lengths (8.4 kpc). This good agreement is not completely
unexpected because the other recent zoom simulations also
match this scaling relation, although they measure it in dif-
Figure 2. Stellar mass versus virial mass of the simulation (black
stars) in comparison with results from abundance matching and
other simulations at z=0. Our results at z=1.5, 1, 0.5 and z=0.1
(from left to right) agree reasonable well with previous simula-
tions and abundance matching models, within the typical uncer-
tainty at these mass scales, shown as a vertical error bar.
ferent ways. Brook et al. (2012) use 3.5 scalelengths, while
Christensen et al. (2016) and Santos-Santos et al. (2016) use
the asymptotic velocity However, it is important to note that
these results are based on circular velocity profiles, rather
than on the actual rotational velocity of the gas As we will
see in the next sections, the rotational velocity could be
significantly lower than the expected circular velocity if tur-
bulent or non-rotational motions, driven by gravity or feed-
back, are significant. This effect could lower some of these
results, specially if strong feedback maintains large irregular
motions.
The circular velocity profile, Vc = (GM(r < R)/R)0.5,
shows a rise with radius, mostly dominated by DM out-
side the inner first kpc (Figure 4). The profile reaches an
asymptotic velocity of about 100 km/s, very similar to the
rotation velocity at large radii. The simulation avoids the ex-
cessive concentration of stellar mass, reflected in the lack of
a central peak in the velocity profile that has plagued sim-
ulations of galaxy formation for many years (Abadi et al.
2003; Mayer et al. 2008). More recent simulations also show
this rise in galaxies with a similar halo mass (Mv ' 1011M).
For example, Figure 4 compares our results with the h985
galaxy in Christensen et al. (2014) and with the SG3 run
in Brook et al. (2012). There is a good agreement at large
radii. This means that they have roughly the same mass
within R ' 10kpc. However, we found some disagreements
at smaller radii. The total profile from SG3 is significantly
steeper at R < 4kpc. This is probably the result of the strong
and explosive feedback model used in Brook et al. (2012)
that not only reduces the central baryonic concentration,
but also expands the dark matter halo, generating a signif-
MNRAS 000, 1–10 (2016)
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Figure 3. Baryonic Tully-Fisher relation and comparison with
observations and other simulations at z=0. The simulation (black
stars as in Figure 2) agrees remarkably well with the observed
relation at z ' 0 (McGaugh 2005).
icant reduction of the total mass in its inner part. Due to
the lack of published rotational velocity profiles that could
be compared with observations, it is difficult to address the
validity of this approach.
The top panel of Figure 5 shows the profile of stellar
mass surface density at z ' 0. A single component Sersic fit
gives an index of n = 1.4, close to an exponential profile,
and an effective radius of 4.1 kpc. However, there is a clear
up-turn in the profile inside the first kpc, so two exponential
components provide a better fit. The resulted disc-only scale-
lenght is 3.8 kpc, consistent with the observed size-velocity
relation (Courteau et al. 2007).
As a comparison, Figure 5 also shows the profile of the
h985 run discussed in Brooks et al. (2011). That profile
shows a much higher surface density, consistent with be-
ing a massive disc with an excessively high stellar-to-halo
mass ratio. Our run shows a less massive disc plus a rela-
tively smaller central component with a mass of only 20%
of the total stellar mass, consistent with estimations from
local SDSS galaxies (Benson et al. 2007). The fraction of
light in the B-band is even smaller. Only 14% of the lumi-
nosity in the B-band is coming from the first kpc. Therefore,
we conclude that the simulated galaxy is a low-mass, disc-
dominated galaxy at ' 0.
4 DISC FORMATION
In this section, we address the transformation from a com-
pact, dispersion-dominated galaxy after the last signifi-
cant merger at z = 1.5 to a dynamically hot but rotation-
dominated disc galaxy at lower redshifts (z ' 1).
Figure 4. Circular velocity profile and comparison with other
simulations of similar halo mass. The profile shows a rise with
radius, mostly dominated by DM.
Figure 5. Stellar mass surface density at different redshifts. The
dash-dotted blue line shows a single-component Sersic fit with a
index of n=1.4 and the solid magenta lines in all panels show a
double-exponential fit at z=0.1 rs is the disc scalelength at each
redshift. Only 20% of the stellar mass is concentrated in the inner
component. Therefore the simulated galaxy is dominated by an
extended disc at z' 0. The dashed cyan line shows the too massive
h985 run from Brooks et al. (2011). The vertical dashed blue line
shows the force resolution.
MNRAS 000, 1–10 (2016)
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4.1 From a compact galaxy to an extended thick
disc
Figure 6 shows the temporal evolution of the stellar light
and gas distribution at different redshifts after the minor
merger at z = 1.5. In the first two snapshots (z = 1.44−1.38),
the galaxy is compact, with an effective radius of about 1.5-
2 kpc. A large fraction of gas is accumulated at the centre,
where most of the star-forming clouds (in red in the gas
distribution) are concentrated. This concentration of gas is
due to the inflow of material in a compaction event triggered
by the minor merger (Zolotov et al. 2015). The event results
in a compact galaxy both in rest-frame U and V bands.
After compaction, fresh gas comes along smooth gas
streams and builds an extended gaseous disc. In the second
pair of snapshots (z = 1.32− 1.27), star-forming clouds are
preferentially found at large radii. There is little gas at the
centre because the inflow of gas within the disc has declined
(Zolotov et al. 2015) and now star-formation happens prefer-
entially in the disc (Dekel & Burkert 2014). The rest-frame
U light is significantly more extended than the rest-frame
V band, which tracks the bulk of the stellar distribution,
mostly concentrated at the centre. This is shown in the den-
sity profile at the bottom panel of Figure 5. Therefore, the
signature of this new-born disc is a negative gradient in the
U-V color, if spatially resolved (Liu et al. 2016).
After this short period of first star-formation in a
gaseous disc, an extended disc can also be seen in the V
band at z ≤ 1.22. The star-formation continues throughout
the gaseous disc up to a radius of 10 kpc at z=1. These
gaseous and stellar discs are thick, as shown in the edge-on
views. This reflects a dynamically hot kinematics.
4.2 From a dispersion-dominated galaxy to a
rotation-dominated disc
During the compaction phase (z ∼ 1.5), the gas kinematics is
dominated by velocity dispersion, rather than rotation (Fig-
ure 7). A good measure of the degree of rotation support
is the rotation parameter (Ceverino et al. 2012), defined as
the contribution of rotation to the support against gravita-
tional collapse in the Jeans equation, R = V2/V2c , where the
rotational velocity (V) and the circular velocity (Vc) are mea-
sured at twice the effective radius. In the compaction phase,
rotation only accounts for 40% of the support at 2re. There-
fore, a high velocity dispersion of about 40 kms−1dominates
over rotation. This value is about constant at all radii inside
2re. This is an example of dispersion-dominated (σ/V ≥ 1)
galaxies that account for the majority of the galaxies at low
masses (M∗ ≤ 1010M) and high redshifts (Law et al. 2009;
Newman et al. 2013).
A rotationally supported disc starts to grow after the
compaction event (z ≤ 1.4). The velocity dispersion is still
high but it decreases with radius from 40 kms−1at the inner
radius to 30 kms−1at 2re. The rotational velocity increases
with radius and it accounts for 50% of the support at that
radius (or σ/V ∼ 0.6) at z = 1.4.
The rotational support grows with time upto R ∼ 1 at
z = 1.2. This means that rotation contributes 100% against
gravitational collapse at large radii. Velocity dispersion at
that radii is still high (σ = 30 kms) but it is significantly
lower than the rotational velocity (σ/V ∼ 0.4). The disc is ro-
Figure 6. UBV stellar light (left) and gas (right) at different
redshifts. Each panel is 20x20 kpc2. The top five rows show the
face-on views and the rest show the edge-on views. The first two
snapshots (z = 1.44− 1.38) show a compact galaxy with most of
the gas and star formation at the centre. The second row (z =
1.32−1.27) shows a more distributed gas. An extended but thick
stellar disc grows slowly with time.
MNRAS 000, 1–10 (2016)
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Figure 7. Evolution of the profiles of circular velocity (Vc), ro-
tational velocity (V) of gas, and its dispersion (σ) during the
formation of the disc. The vertical dotted lines mark 2re. The
galaxy evolves from a dispersion-dominated and compact galaxy
to a rotation-dominated but dynamically hot disc.
tationally supported but kinematically hot. Dispersion still
dominates the kinematics at low radii, such that the rota-
tional velocity is much lower than the circular velocity inside
the effective radius. Most of the gas is distributed in a tur-
bulent and clumpy disc, which resembles a low-mass analog
of the massive discs observed at redshifts z = 1− 2 (Genzel
et al. 2006; Fo¨rster Schreiber et al. 2009; Wisnioski et al.
2015).
Another interesting feature of the rotation curves of
these early discs is the strong decrease of rotation veloc-
ity at even larger radii (r > 2re). At z = 1.2, the rotation
curve has declined by 20% at 3re with respect to its maxi-
mum value at about 2re. This decline may be due to signifi-
cant non-rotational motions at the edge of the gaseous discs,
where smooth gaseous streams deliver fresh gas into the disc
(Danovich et al. 2015). Alternatively, gas at these large radii
may not be in dynamical equilibrium and still flowing into
the galaxy. Future studies will clarify the nature of the trun-
cation of these early discs.
5 DISC SETTLING
From the formation of a rotationally-supported disc at z∼ 1.3
to the last snapshot at z = 0.1, the stellar mass inside 15 kpc
grows by a factor ∼2, mostly within the disc, according to
the evolution of the profiles of stellar surface density (Fig-
ure 5). The mass within the innermost kpc remains mostly
unchanged since the last compaction event. The outer re-
gions significantly grow in mass as the disc grows inside-out.
The disc scale-length from a double-exponential fit grows
from rs = 2.4kpc to rs = 3.8kpc between z = 1.27 and z = 0.1.
Figure 8. Evolution of the profiles of circular velocity (Vc), ro-
tational velocity (V) of gas, and its dispersion (σ) during the
settling of the disc. The labels are the same as in Figure 7 with
the exception of the vertical dotted lines, which now mark 2.2rs.
Due to the fresh supply of gas, the gas mass remains
approximately constant within 15 kpc (MGas = 2× 109M)
Therefore, the gas fraction decreases from 60% of all the
baryons at z = 1.3 to 40% at z = 0.1. Finally, the total mass,
mostly dominated by dark matter, remains approximately
constant within that radius (M(r < 15kpc) = 3 × 1010M).
Therefore, the total circular velocity profile is mostly un-
changed since z ' 1.
Figure 8 shows the evolution of the gas kinematics since
z = 1. The disc remains rotationally supported (V ' Vc) at
large radii (r ' 2.2rs) for almost 7 Gyr (from z = 1.2 to z =
0.1). The radius at which rotation gives full support (R ∼ 1)
decreases with time, from r > 4kpc at z = 1 to r > 0.5kpc at
z= 0.1. It seems that the disc tends to dynamically cool from
the outer to the inner regions. This is due to the decrease
of the spatially-averaged velocity dispersion with time. It
gradually decreases from σ= 30kms−1 at z= 1 to σ' 10kms−1
at z = 0.1.
During 7 Gyr of evolution, the disc dynamically cools
and settles in a state of low velocity dispersion with close-to
circular orbits. Figure 9 shows the gradual settling of the
disc due to the decrease of the σ/V ratio. This is the ratio
between the median velocity dispersion in the radial bins
inside 2.2rs and the rotational velocity at 2.2rs, described
above. We check the velocity dispersion for gas at differ-
ent temperatures (T < 103 K and T < 104 K) and they both
give the same results. This slow decline is consistent with
the observations of disc settling in discs of similar mass and
redshifts (Kassin et al. 2012). Some tension may exist at
the highest redshifts observed (z ' 1), in which the observed
values of σ/V ' 0.4− 0.5 are slightly higher than the values
coming from simulations σ/V ' 0.3−0.4.
MNRAS 000, 1–10 (2016)
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Figure 9. Gradual decline of σ/V with decreasing redshift (solid
line), consistent with observations. The simulation without feed-
back (dotted line) shows very little evolution.
5.1 What process controls the decrease in velocity
dispersion?
Several processes may control or regulate the velocity dis-
persion in galactic discs. Discs are self-gravitating and rotat-
ing objects subject to gravitational instabilities (Dekel et al.
2009, and references therein). Gravitational energy is trans-
ferred to turbulence and other non-circular motions by grav-
itational torques (Krumholz & Burkert 2010; Forbes et al.
2014). Feedback from star-formation processes is another
common source of turbulence and other bulk disordered mo-
tions in discs (Thompson et al. 2005; Ostriker & Shetty 2011;
Faucher-Gigue`re et al. 2013). External processes like gas ac-
cretion or mergers may also contribute to keep some level
of turbulence (Genel et al. 2012), although this may not be
important in the evolution of this particular galaxy because
of its quiet accretion history.
It is difficult to disentangle the contributions from dif-
ferent internal processes, like instabilities or feedback, be-
cause both effects are present in self-gravitating discs. In
order to remove the short-term driver due to feedback, we
perform the following experiments. At different times, we
rerun the simulation without feedback for ∆(1+ z)−1 = 0.03 (
∆t=0.5 Gyr at z = 1 and 0.4 Gyr at z = 0.1). Turbulence in
discs decays in few dynamical times, so most of the velocity
dispersion due to feedback processes within the disc have
been dissipated after that period of time, when we com-
pute again the velocity dispersion as done above. In this
way, we keep the long term effects of self-regulation of star-
formation and remove the short-term source of turbulence
due to feedback. We found a significantly lower dispersion
(σ ' 15kms−1) with little evolution over most of the redshift
range. This is the expected level of dispersion if turbulence
is driven only by disc instabilities in a low-mass, marginally-
Figure 10. Evolution of the Toomre parameter, Q, from a sta-
ble disc at high-z to a marginally unstable (Q ' 1) disc at low
redshifts. The run without feedback maintains the disc in the
marginally unstable case, where disordered motions are driven
only by gravity.
unstable disc (Dekel et al. 2009; Ceverino et al. 2010; Cac-
ciato et al. 2012). At this mass scale, the DM halo mostly
dominates the gravitational potential within the galaxy and
this tends to stabilise the disc and maintains a low velocity
dispersion. The key variable controlling the degree of disper-
sion for a marginally-unstable disc is the disc-to-total mass
ratio within the galaxy radius (δ ' 0.1). This low value gives
σ/V ' 0.1 (see Eq. 5 in Ceverino et al. 2010). This low ratio
is in clear contradiction with observations of high-z galaxies.
Therefore, we conclude that most of the velocity dispersion
observed in low-mass discs (V ' 100kms−1) at high redshifts
is driven by feedback from star formation processes.
With the exception of the gas velocity dispersion, the
global properties of the disc remain roughly similar after
∼500 Myr without feedback. Only the SFR is significantly
higher (a factor of 5 higher on average), due to the shutdown
of the feedback-driven regulation. Therefore, the stellar mass
is ∼50% higher when compared with the feedback run after
500 Myr. However, the gas mass within the galaxy decreases
only by ∼10% because new accreting gas replenishes the gas
consumed in stars. As a result, the gas fraction decreases
only by ∼20% averaged over all snapshots. Without feed-
back, the disc becomes slightly more massive, dynamically
cold, and marginally-unstable.
The feedback-driven velocity dispersion stabilises the
disc above the Toomre (1964) Q ∼ 1 on kpc scales. We mea-
sure the total Toomre Q parameter for both gas and stars
using the (Wang & Silk 1994) approximation described in
Krumholz & Burkhart (2016),
Q ≈ √2 Vσ fg
piGΣR
(1)
where fg is the gas fraction and Σ is the disc surface density.
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Figure 11. Velocity dispersion versus SFR at different redshifts.
The velocity dispersion decreases due to the decrease of the gas
surface density (and gas fraction) at lower redshifts.
We add a velocity dispersion of 10 km/s in quadrature to
the value coming from simulations in order to account for
thermal motions within diffuse gas. At each snapshot, we
measure Q at the same radius, R = 5kpc, where V ' 80kms−1
at z < 1.3 (Figure 10). The estimations of Q at different ra-
dius give a similar behaviour. We clearly see a slow decrease
of Q from high values, Q ' 6 at z ' 1 to Q ' 1 at z = 0.1. In
the runs without feedback, the disc always remains around
the self-regulated, marginally unstable case (Q ' 1), because
gravity is the only driver of disordered motions. With feed-
back, there is a slow evolution towards this self-regulated
case, as the stellar disc grows and the gas surface density
(and fg) decreases by a factor of 2 between z = 1 and z = 0.1.
If feedback drives high velocity dispersions, we expect lower
values associated with lower SFRs at lower redshifts (lower
gas fractions). Figure 11 shows this correlation but the scat-
ter is large at a given redshift bin, consistent with observa-
tions (Fo¨rster Schreiber et al. 2009).
This feedback-driven scenario differs from standard
stationary models of feedback-regulated star formation
(Faucher-Gigue`re et al. 2013), where Q is regulated at a
fixed value of a few. In our scenario of DM-dominated discs,
star-formation proceeds even if the global, kpc-averaged Q
is high, most probably due to gravitational instabilities at
smaller scales (Inoue et al. 2016). It seems that disc insta-
bility, star formation and feedback work in concert and they
generate high velocity dispersion but it is not clear how these
processes interact with each other in the regime of weak self-
gravity in DM-dominated discs. Future work will focus on
this complex interplay.
6 CONCLUSIONS AND DISCUSSION
We have performed a high-resolution cosmological zoom sim-
ulation of the formation and evolution of a low-mass galaxy
with maximum velocity of 100 kms−1 until z ' 0, using the
initial conditions from the AGORA project (Kim et al.
2014). The main conclusions can be summarised as follows
• The properties of the disc-dominated galaxy agree well
with local disc scaling relations, such as the baryonic Tully-
Fischer, as well as the stellar-to-halo mass ratio coming from
abundance matching models and other simulations of similar
halo mass.
• The galaxy undergoes a compaction event triggered by
a minor merger at z = 1.5 (Dekel & Burkert 2014; Zolotov
et al. 2015). This event generates a compact, dispersion-
dominated galaxy with a large fraction of its gas and star
formation concentrated at the galaxy centre.
• After this last compaction event, a rotation-dominated
disc starts to grow, so that the rotational velocity is equal
to the circular velocity at a radius of 2.2re after 0.5 Gyr of
evolution (z ' 1.2).
• The new-born disc remains thick and dynamically hot,
such that the velocity dispersion still dominates the dynam-
ical support at small radii.
• The disc dynamically cools down for the following 7
Gyr, as the velocity dispersion (and σ/V) decreases over
time, in agreement with observations (Kassin et al. 2012).
• Simulations without feedback do not show this decrease.
A scenario of feedback-driven turbulence explains this de-
crease by a similar decrease in the gas surface density (and
gas fraction).
• The disc is globally Toomre stable (Q' 6) at z' 1 and it
slowly evolves towards the marginally unstable case (Q ' 1),
as the stellar disc grows.
In section §5.1, we discuss the low level of velocity dis-
persion driven only by gravitational instabilities in DM-
dominated galaxies. This result cannot be extended to more
massive discs, where baryons dominates the mass within the
galaxy. In that case, the disc-to-total mass ratio is much
higher and the disc self-gravity drives violent disc insta-
bility (VDI, Dekel et al. 2009; Ceverino et al. 2010). VDI
maintains a self-regulated turbulent and clumpy disc with
a much higher velocity dispersion, σ ' 50kms−1 (Ceverino
et al. 2012), as observed using integral field spectroscopy
(IFS) (Wisnioski et al. 2015). In future work, we will per-
form mock IFS observations of 2D gas kinematics.
These results of disc settling cannot be extended to
galaxies of similar mass at higher redshifts (z > 2). In that
regime, the DM halo also dominates the mass within the
galaxy, but its shape is highly prolate (Allgood et al. 2006).
As a result of strong torques, an axial-symmetric disc is not
able to form. Instead, galaxies form with an elongated, triax-
ial or prolate shape (Ceverino et al. 2015; Tomassetti et al.
2016).
The properties of the simulated galaxies are still sensi-
tive to the assumptions about feedback processes. The simu-
lations reported here assume a moderate radiative feedback,
with only a modest trapping of infrared photons. Other sim-
ulations of halos with a similar mass but stronger feedback
produce different results. For example, the m11 simulation of
the FIRE project (Hopkins et al. 2014) uses the same initial
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conditions. However, its simulated galaxy resembles a dwarf
spheroidal galaxy, inconsistent with the typical disc mor-
phologies of isolated galaxies of that mass. It is probable that
the strong feedback in FIRE plus its extreme star-formation
efficiency prevents any settling of the gas into a rotationally
supported disc. Therefore, the evolution of disc kinemat-
ics can potentially discriminate between different models of
feedback.
A more quantitative comparison between different mod-
els of feedback is beyond the scope of this paper. We refer to
other initiatives like the AGORA Galaxy Simulation Com-
parison Project (Kim et al. 2014). This project aims to com-
pare results from state-of-the-art gravito-hydrodynamics
codes widely used in the numerical community. When differ-
ent codes use a common subgrid physics for radiative cool-
ing, star formation and feedback, they overall agree well, re-
gardless of the intrinsic differences in the numerical schemes
used (Kim et al. 2016). This experiment reassures that dif-
ferent models of feedback could be compared in the near
future.
Finally, these conclusions are based on a handful of sim-
ulations. Large, statistically significant samples of simula-
tions with different models of star-formation and feedback
are needed in order to clarify these overall trends.
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